Adsorption of proteins on metal oxides is important in many fields of life. We carried out studies on deposition (adsorption) of proteins (bovine serum albumin, BSA) on oxides at different pH values (2.5, 4.8 and 7). The oxide samples were of the SiO 2 /BSA, ST20(SiO 2 /TiO 2 )/BSA and SA1(SiO 2 /Al 2 O 3 )/BSA types. NaCl solution was used as a basic electrolyte. It was found that the adsorption of BSA-type protein on the surface of studied oxides changes the character of functional groups that are responsible for charge formation at the adsorbent/electrolyte solution interface, eventually causing a shift of isoelectric point towards higher pH values. The effect of change of functional groups surface properties depends on pH at which the protein was deposited on the matrix surface.
INTRODUCTION
Adsorption of proteins on various surfaces and at the interface of a solution is a widespread phenomenon in both natural and artificial systems. This phenomenon affects many aspects of daily life, such as the formation of plaque, food processing, wastewater treatment and many others. The adsorption of proteins on solid surfaces, which could include metal oxides, is fundamentally important in studies searching for biocompatible materials that could be used in the production of implants or other applications that are important from a medical point of view Kopac et al. 2008; Nakanishi et al. 2001 ).
EXPERIMENTAL ANALYSIS
Bovine serum albumin (BSA; Fluka) and nano-oxides-fumed silica A-300 [99.5% purity and specific surface area (S BET ) of 285 m 2 /g; primary particle size, 9.6 nm (average diameter)], binary fumed silica/titania (ST20) with total TiO 2 concentration [C(TiO 2 )] of 20 wt.% (S BET 84 m 2 /g, d = 27.7 nm) and silica/alumina content (SA1) with total Al 2 O 3 concentration [C(Al 2 O 3 )] of 1 wt.% (S BET 203 m 2 /g, d = 13.3 nm; all from Kalush, Ukraine) were used for investigating the adsorption process. Fumed silica A-300 was pre-heated for 2 hours at 400 °C, and ST20 and SA1 were pre-heated for 1 hour at 450 °C. Samples of aqueous solutions containing various amounts of albumin covering a concentration range from 0.2 to 2 mg/ml at pH 2.5 and 7.0, and from 1 to 14 mg/ml at pH 4.8 were prepared. Aqueous solutions of BSA of various concentrations (10 ml) *Author to whom all correspondence should be addressed. E-mail: ewunias@hektor.umcs.lublin.pl (E. Skwarek). and 100 mg of nano-oxide were mixed together and the pH of this mixture was adjusted by adding 0.1M HCl or NaOH solutions to achieve a desired value (pH 2.5, 4.8 or 7.0). The suspension was then stirred vigorously using a magnetic stirrer for 2 hours, and centrifuged at 4000 rpm for 10 minutes (rotor radius 10 cm; relative centrifugal acceleration 1000g). The concentrations of albumin in solution before and after adsorption were measured using Benedict's reagent (Kochetov 1980 ) and a spectrophotometer.
The zeta potential of sample dispersions was determined by electrophoresis using a Zetasizer 3000 (Malvern). Before obtaining the zeta potential measurements, the suspensions containing 100 ppm solid concentration were ultrasonicated. As a supporting electrolyte, NaCl solution was used in the following concentrations: 1 × 10 -1 , 1 × 10 -2 , 1 × 10 -3 , 1 × 10 -4 , 1 × 10 -5 mol/dm 3 .
RESULTS AND DISCUSSION
The maximum adsorption of BSA onto the nano-oxide surface (fumed silica, ST20 and SA1) was established at a pH close to the isoelectric point (IEP) of protein [i.e. at pH 4.8; Holt and Bowcott 1954; Figure 1 (b)]. The maximal adsorption of albumin was observed for ST20. This can be explained by the presence of maximum number of Si-O(H)-Ti bridges (B-sites) on the ST20 surface, which can strongly interact with amino groups of protein. It is well-known that the increase of S BET corresponds to increased aggregation of primary particles (Gun'ko et al. 2007) , and thus, it is not surprising that the minimum adsorption of BSA was observed for SA1. This is due to the formation of aggregates that had larger sizes for the SA1 sample, than for the ST20 sample, owing to stronger interaction between the alumina and silica patches than that between titania and silica. Increased adsorption of albumin was observed on the surface of fumed silica, which is more hydrophilic, compared with that on SA1, which has increased ability to form aggregates. The decrease of BSA adsorption at pH 2.5 [ Figure 1 (a)] can be due to the ion-dipole interactions of BSA with the silanol groups on the surface (because both albumin and surface have positive charge) and maximum flocculation, which is attributed to the formation of a few hydrogen bonds of protein molecules with particles from the neighbouring aggregates (Gun'ko et al. 2003) . At pH 7.0, the decrease in the adsorption of BSA [ Figure 1 (c)] may be due to electrostatic interactions between negatively charged protein molecules and the surface of adsorbent as well as due to lateral repulsion of the equally charged albumin molecules in the adsorptive layer and intermolecular repulsion caused by the forces of hydration as the result of formation of aqueous environment around the BSA molecules (because Na + are present in the adsorbate; Chuiko et al. 2003; Gun'ko et al. 2003) . In both cases, decrease of adsorption can be explained by the destruction of hydrogen bonds during centrifugation (Gun'ko et al. 2006) . As for adsorption of BSA onto SA1 (pH 2.5 and 7.0), the initial portions are similar to the Langmuir isotherms [Figures 1(a and c), curve 3] and further decrease in adsorption can be due to the washing of portions of albumin from the surface as well as by adsorption of solvent (water) on the adsorbent. The absence of protein at the concentration of 1.6 mg/ml [Figures 1(a and c), curve 3] was confirmed by thermogravimetry. Furthermore, in comparison with silica, SA1 exhibited higher ability to form aggregates during adsorption, which could lead to its reduction. Sufficiently low desorption of albumin from the surface (from 4% to 24%) is the result of multivalent binding of macromolecules with the carrier, that is, formation of one or more bonds with the surface, which increases the probability of adsorption of neighbouring centres of the same molecule. Complete desorption of the protein is only possible due to simultaneous breaking of a large number of bonds (Ismailova et al. 1988 ). BSA in aqueous solutions is characterized by an IEP at pH 4.8. This indicates that at pH values below this point, the protein charge is positive due to ionization of amine groups ( + H 3 N-); however, at values above this pH, the charge is negative as a result of carboxyl group (-COO-) ionization. Thus, the protein zeta potential at pH 7.4 is 22 mV (Musale and Kulkarmi 1997). The zeta potential as a function of pH (=2.5) for the deposition of protein on the surface of SiO 2 is characterized by negative values of the zeta potential for pH IEP > 3.6; however, when pH IEP < 3.6, it is characterized by positive values. This indicates the change of the sample surface due to the presence of amine groups. A characteristic feature is the fact that the effect of support electrolyte concentration on dependence potential ζ in the pH function is small [ Figure 2 (a)]. Figure 2 (b) presents the dependence of zeta potential on the pH function for the SiO 2 sample with the deposited BSA protein at pH 4.8. The course of dependence of ζ potential on the pH function for the studied sample is different from that described earlier. A shift of pH IEP value from 4.12 for the NaCl concentrations 10 −3 M and 10 −2 M to 3.6 for the concentration 10 −1 M is observed. This can be attributed to a larger amount of protein adsorbed on the silica surface and greater contribution of amine groups to formation of charge on the sample surface. In addition, there is a difference in the effect of electrolyte concentration on changes in zeta potential. With the increasing concentration of electrolyte, absolute values of zeta potential become smaller, which is characteristic of oxide systems. The course of dependence of zeta potential on the pH function for the SiO 2 sample with BSA deposited at pH 7 is presented in Figure 2 (c). The zeta potential value for each of the concentrations changes from positive to negative in the pH IEP point, which for each concentration is as follows: 10 −1 M pH IEP = 3.4; 10 −2 M pH IEP = 3.93; and 10 −3 when pH IEP > 3. Such behaviour of the sample can be associated with protein desorption during measurement because both matrix surface (SiO 2 ) and protein surface possess the same negative charge. Thus, at larger ionic force, there are predominant electrostatic interactions, which can be responsible for desorption of BSA from the silica surface and interactions of acid groups (≡SiOH). However, desorption can be smaller for higher concentrations. Another explanation for this may be the grain size in the sample, which could cause quick deposition of the sample and irreproducibility of the results, indicating activity of the groups with basic character in the protein structure. The dependence of electrokinetic potential of the mixed oxide SA1 on the protein deposited on the adsorbent surface at pH 2.5 is presented in Figure 3(a) . As can be seen from this figure, the presence of protein on the sample surface causes a shift in the IEP towards higher pH values (about 3.5). Moreover, it diminishes the differences in the zeta potential resulting from the change of electrolyte concentration. This effect can be caused by strong interactions of protein acidic groups with the basic groups (=AlOH) of the SA1 sample surface. Figure 3(b) presents the dependence of zeta potential as a function of pH for the SA1 sample with BSA protein deposited at pH 4.8. Protein deposition at such pH value induces a change in the acidic-basic character of the surface, as evidenced by the shift of the IEP to the value of 4.5 for the electrolyte concentration of 10 −4 M and 10 −3 M as well as to a value of 4.1 for the concentration 10 -1 M. This indicates the activity of the basic groups that are present in the protein structure. The dependence of electrokinetic potential on the pH function for the SA1 sample with deposited protein at pH 7 is presented in Figure 3 (c). In this case and for the SiO 2 system sample with deposited protein, there was a shift of IEP due to protein adsorption at pH IEP of about 3.7. This may be also caused by a smaller amount of protein deposited due to electrostatic interactions between the sample matrix and protein. As was the case at pH 7, the SA1 sample possesses a negative charge similar to BSA. The dependence of zeta potential for the sample ST20 (mixed oxides of 20% TiO 2 and 80% SiO 2 ) with BSA protein deposited on the surface at pH 2.5 is presented in Figure 4(a) . For the NaCl concentration of 10 -2 M, the IEP was determined as pH 4. With the increase in NaCl concentration to 10 −1 M, the value shifts to 3.4. This indicates the effect of basic amino groups of protein on the charge of molecular surface. However, unexpectedly for the lowest concentration (10 −3 M), the extrapolated pH IEP value corresponds to that of pure matrix ST20, which can indicate desorption of protein from the surface that can hardly be explained by repulsion of protein from the surface, because at pH below 4.8, the charge of protein is opposite to that of the ST20 surface (Gun'ko et al. 2007) .
The dependence of zeta potential for the sample ST20 with BSA protein deposited on the surface at pH 4.8 is presented in Figure 4(b) . Understanding this dependence allows to determine 572 W. Janusz et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 20 (a) the pH IEP , whose position changes from 4.7 for the NaCl concentration of 10 −4 M and decreases to 4 with the increase in concentration up to 10 −1 M. The effect of pH IEP changes are associated with different affinities of basic electrolyte for adsorption sites on the sample surface. The positive values of the zeta potential below the IEP with large contribution of basic groups to charge formation on the surface may indicate large adsorption coverage of the surface with BSA protein deposition. There is also a clear effect of electrolyte concentration on the potential value, which is associated with the complex reaction involving the basic electrolyte ions with the functional groups of adsorbate and surface. The dependence of zeta potential for the sample ST20 with BSA protein deposited on the surface at pH 7 is presented in Figure 4(c) . The IEP determined for the NaCl concentrations 10 −3 M and 10 −2 M is 4, whereas that for 10 −1 M concentration is 3.4. As was the case with the previous sample, the effect of basic groups on charge formation on the surface is indicated by positive values of the potential below pH IEP , whereas the electrolyte concentration only had a minimal effect, which points to weaker complexation of electrolyte ions, protein and adsorbent.
CONCLUSION
Adsorption of BSA-type protein on the surface of the tested oxides changes the nature of the functional groups that are responsible for the formation of charge at the border adsorbent phase/electrolyte solution interface, which results in the shift of the IEP towards higher pH. The change in the properties of the surface functional groups depends on the pH at which the protein is deposited on the matrix surface. The greatest changes in properties were observed for the samples in which the protein has been deposited at a pH of 4.8. The pH IEP for these samples was similar to the IEP of BSA (4.8); moreover, the supporting electrolyte concentration had a significant impact on the zeta potential. For the samples in which protein was deposited at a pH of 7, the impact of the electrolyte on the ζ-potential was smaller, which may be connected with a more compact structure of the protein adsorbed on the surface.
